Chemical looping combustion (CLC) is a novel way of burning carbonaceous fuel in which CO 2 can be inherently separated. Though this technology is suitable for gaseous fuels, recently efforts have made to adopt this technology for solid fuels such as coal. Ilmenite as a suitable oxygen carrier for coal chemical looping combustion is investigated with respect to relevant chemical looping combustion properties. A parametric study conducted in a bubbling fluidized bed is presented in which the following are examined: ilmenite oxygen carrying capacity, ilmenite reactivity with gaseous and solid fuels with respect to redox cycle number, rate of coal conversion in the presence of ilmenite, and the influence of temperature on gas yield, conversion, and gas speciation during coal CLC. The conversion of syngas with ilmenite is best when ilmenite is fully oxidized; reactivity reduces as ilmenite is reduced. The reactivity of ilmenite with snygas increases with redox cycle number over the first cycles and close to 100% syngas conversion was measured. The carbon conversion was low at 900 °C but improved with increasing temperature. Likewise, the rate of gasification increased with increasing temperature approximately doubling when increasing the temperature from 900 to 950°C. Furthermore, an equalmolar CO-H 2 syngas was combusted at 900°C in IFK's CLC dual fluidized bed system using ilmenite as the oxygen carrier resulting in a steady-state conversion of circa 90%.
Introduction
Concerns regarding climate change due to green house gases are getting stronger. Anthropogenic CO 2 emissions are the biggest contributor and 1/3 rd of its emissions due to power generation of various carbonaceous fuels [1] . However current energy scenario demands to increase use of alternative energy sources like solar wind etc, and continue use of fossil fuels with carbon capture and storage (CCS). Various CO 2 capture technologies are currently under investigation namely amine scrubbing, oxyfuel combustion, calcium looping etc. However these technologies have an inherent disadvantage of loss of energy efficiency in the order of 4-12 % [2] . Chemical looping combustion (CLC) is a novel technology, introduced by Richter and Knoche [3] , whereby CO 2 is inherently separated during combustion. Simulations studies [4] have shown that a CLC power plant has a higher electric efficiency than the above mentioned CCS technologies. CLC consists of two separate reactors: the air reactor and the fuel reactor. A suitable oxygen carrier, e.g. a metal oxide particle, is oxidized in the air reactor and is transported to the fuel reactor. Air leaving the air reactor is oxygen lean. In the fuel reactor, metal oxide is reduced and donates the oxygen necessary to combust the fuel. The flue gases from the fuel reactor consist mainly of CO 2 and H 2 O. After water condensation, a nearly pure stream of CO 2 is obtained and is ready for storage. In the last decade, research has intensified and covered different aspects of the process i.e. oxygen carrier development, reactor system configuration and design [5] and demonstration in bench scale facilities for gaseous fuels [6] .
Chemical looping combustion using coal.
CLC was first applied to gaseous fuels like natural gas. Process has been demonstrated successfully in pilot facilities of 10 kW th [6] to 120 kW th [7] . CLC using coal as fuel is a relatively new research area compared with gas. It is suggested that product gas from coal gasification can be combusted using CLC [4] . With this concept CLC with coal has been developed further. In recent years number of studies has been cited for CLC with coal. Studies directly focused on the combustion of syngas with Cu based [6] , Ni, Fe and Mn based oxygen carriers [5] and natural minerals e.g. ilmenite [7] has shown efficient syngas conversion is feasible. Ilmenite has been of special interest since it is a relatively cheap and abundantly occurring mineral. Bench scale experiments of coal with ilmenite has been performed [8, 9] with various solid fuels. Berguerand and Lyngfelt [10] investigated south-african coal in a 10 kW th CLC plant using ilmenite as the oxygen carrier and capture efficiencies of 82-96% were reported. Apart from ilmenite, other oxygen carriers have also been tested. An interesting approach of CLC with oxygen decoupling has also been performed on solid fuels using Cu based oxygen carriers [11] . Dennis and Scott [12] have also used Cu based carriers in CLC with coal. CLC using coal has been successfully demonstrated by using Ni based carriers [13] .The use of Ni carriers could be beneficial but hazardous with respect to solids handling, and the economics favors ilmenite as the suitable oxygen carrier for CLC with coal to do contamination of the oxygen carrier with fuel ash. Two strategies have been discussed more in literature to integrate CLC using coal as fuel [12] : (i) gasify the solid fuel separately and burn the Syngas using a conventional chemical looping arrangement. (ii) gasify the solids in the presence of metal oxide in pure CO 2 or steam. Option (i) requires a complicated reactor design in order to satisfy the heat requirement for the gasification reaction. Option (ii) is so far the preferred option. The above mentioned works [10; 9; 13] have used the option (ii) i.e. to gasify the solid in presence of metal oxide.
Facility concept for coal CLC
Although option (ii) is preferred option, it has an intrinsic disadvantage that volatiles and char gasified in the upper region of the bed don't get enough contact with oxygen carrier to achieve complete conversion [10] . Therefore an intermediate process scheme is proposed in this work. The process scheme is shown in figure 1 . As shown in figure 1 consists of a dual fluidized bed (DFB) system consisting of an air reactor (AR) and a two-staged fuel reactor (FR). The stage I of the FR is a gasifier having metal oxide as bed material. The solid fuel gasifies in the presence of metal oxide. The product gases from stage I fluidize stage II which acts as a post combustion chamber. Thus complete burn out of the product gas is possible in stage II. The stage II receives the most oxidized metal oxide particles from air reactor and after reacting with product gases, and partially reduced metal oxide is transferred from stage I to stage 2. The gasification is the slowest and rate controlling step [10] and maximum coal conversion to gaseous products will be a major challenge since some char is expected to leave to the FR and enter the AR thereby resulting in a decreased coal conversion. If this happens it would defeat the purpose of chemical looping combustion to separate CO 2 . Therefore a char-ash separator is required in between FR and AR.
Ilmenite as an oxygen carrier
Ilmenite is a naturally occurring mineral, basically composed of iron and titan. Ilmenite has an average oxygen capacity of 5% depending on the Fe:Ti proportion present in the mineral. Leion et al. [14] investigated in detail ilmenite as an oxygen carrier and its reaction mechanisms. Ilmenite has very good reactivity towards CO & H 2 but reactivity with methane is poor [14] . Adànez et al. [15] has shown in a TGA that the reactivity of ilmenite with fuel gases increases with number of cycles and becomes stable. The improvement in reactivity is attributed mainly to the structural changes in the particle and increment in porosity. Furthermore, Azis et al. [16] has shown that ilmenite from different origins have different reactivities. Also variation of Fe:Ti ratios have an effect on reactivities [16] . Ilmenite used in this study is from Capel, Australia and its chemical composition is shown in Table 1 . Ilmenite from Capel, Australia is not yet reported for use in CLC, therefore it is necessary to investigate oxygen transfer capacity and oxygen conversion for the Capel ilmenite shown in table 1.
Steam gasification of coal in metal oxide bed is not well understood or characterized. Limited information on coal gasification rates with ilmenite is shown in [8] , whereby the facility and quantity of coal sample used is very small (only 0.2 g). The product gas composition and some parametric studies are shown in Berguerand et al. [17] . This paper focuses on investigating ilmenite as an oxygen carrier in under fluidized bed conditions in a lab-scale 10 kW th dual fluidized bed facility at IFK, University of Stuttgart. The oxygen transport capacity of the ilmenite and its reactivity with syngas will be studied. Furthermore, the influence of gasifying coal in the presence of ilmenite will also be investigated.
Experimental setup and procedure
The experimental setup is a dual fluidized bed (DFB) system consisting of a circulating fluidized bed (CFB) riser (Dia 70 mm * Height 12 m) and a bubbling fluidized bed (BFB) (Dia. 114mm * height 2.5m). Both reactors are electrically heated and are interconnected by a cone valve. The same facility has been previously used for other DFB applications like the investigation of a calcium looping process for the post combustion CO 2 capture and the adsorption enhanced gasification using biomass as fuel [2] . The detailed description of the facility is given in Charitos et al [2] . For this experimental campaign, the facility is used in 3 modes: 1) batch, 2) semi batch, and 3) continuous mode.
Batch experiments
The batch and semi batch experiments are carried out in the BFB as a stand-alone unit. In batch mode experiments are carried out to evaluate 3 phenomena: a) the oxygen carrying capacity of ilmenite, b) the reactivity of ilmenite with CO, H 2 and CH 4 with respect to redox cycle, and c) the gasification rate of coal in the presence of ilmenite. The oxygen carrying capacity experiments are carried in cyclic pattern similar to TGA (Thermo gravimetric analyzer) experiments [15] thus simulating AR and FR during oxidation and reduction cycle respectively. Air is used to oxidize the ilmenite bed, while for reduction, a fuel mixture of CO, H 2 and N 2 (24 vol. %, 24 vol.-%, 52 vol.-% respectively) is used. The thermal input of CO and H 2 together is 7 kW and the fluidization velocity of 0.5 m/s. Temperature is maintained constant at 900 °C. Between the cycles, the bed is fluidized with only N 2 to avoid fuel gases mixing with air. Temperature in the bed is measured by thermocouples and controlled by external heaters. The pressure drop is measured by differential pressure transducer which is correlated with the bed mass. The inputs of gases are controlled by mass flow controllers (MFC). The outlet gas composition is analyzed by an ABB advanced Optima 2020 continuous gas analyzer which measures the following gas components: CO 2 , CO, CH 4 , H 2 and O 2 . Recording of temperatures, pressure drops, inlet gas flows and outlet gas concentrations from the gas analyzer is done by LabVIEW®.
Semi-batch experiments
These experiments aimed at studying gasification of coal with ilmenite in the BFB. These experiments are named semi-batch since the ilmenite bed remains in the BFB and is reduced over time by the continuously fed coal. These experiments are also cyclic redox experiments. During reduction phase, coal is continuously fed using screw conveyer at a specific rate in a given bed of ilmenite. Steam is used as the gasification medium. In addition to the product gas composition, the product gas flow rate is also measured using a gas flow meter in order to calculate coal conversion and gas yield. As the coal gets gasified some of the gasified product gas reacts with metal oxide and some product gas leaves without reacting. Coal feeding is stopped when the product gas has a very stable composition thus signifying that the oxygen available for fast reaction in the ilmenite is consumed. Once the steam is stopped, the gasification reaction also stops and ilmenite bed is fluidized with N 2 to avoid product gases mixing with air. Once the reactor is free of product gas, air is supplied to ilmenite bed for oxidation. During oxidation, char remaining in the ilmenite bed is also combusted.
Continuous experiments
The continuous experiments are performed in the DFB system. The experiments aimed at studying syngas conversion in DFB mode. The detailed experimental procedure of circulating any material in this DFB is explained in [2] , with a difference that CFB riser is used as AR and BFB is used a FR and the bed material is ilmenite. The cone valve is used to control the circulation rate of ilmenite between the CFB and BFB. The CFB is fluidized with air and the BFB is fluidized with the fuel gas mixture of CO, H 2 and N 2 . The exit gas composition from the CFB is measured using an ABB easy line 3020 continuous gas analyzer. Similar to BFB, the CFB is also equipped with thermocouples, differential pressure transmitters, MFC flow sensors, and all data is recorded by LabVIEW®.
Solid Analysis
The composition ilmenite shown in 
Results and discussion

Reactivity with syngas
Batch experiments were performed as explained in section 2.1.1. Exit gas concentration values were obtained over the time. Results obtained should be comparable with previous CLC works [14, 15, 16] therefore following data evaluation steps are applied to obtain the comparable results. The gas conversions of CO (X CO ) and H 2 (X H2 ) in the syngas experiments of equimolar CO:H 2 mixtures are calculated using following equations (1) and (2) .
, is the inlet flow rate of compound i in kmol/h and y i is the volumetric fraction of gas component i measured by gas analyzer. ௧௧ is the total exit flow rate of gas in kmol/h . It is calculated using the analogy that
ைଶ ௨௧ , assuming that CO converts only to CO 2 . Therefore ௧௧ is calculated as:
A mass based conversion of oxygen carrier (Ȧ) is normally used to compare the reactivity of different oxygen carriers [14, 16] . It is simply the ratio of mass of oxygen carrier to the mass of oxygen carrier in its most oxidized state as shown in equation (4), where m is the mass of oxygen carrier and m ox is the mass of oxygen carrier in its most oxidized form. m ox is measured directly by weighing machine. In this experimental setup, Ȧ is calculated using equation (5) and is set to 1 at the beginning of every reduction cycle. Figure 2 shows the conversion of CO and H 2 (X CO and X H2 ) with respect to Ȧ with increasing cycle number. It is observed, that the conversion of both CO and H 2 is highest (and for H 2 , close to 100%) at the beginning of reduction i.e. when Ȧ = 1.0. The conversion of both CO and H 2 drops subsequently as ilmenite is further reduced. Another important observation is the improvement in reactivity with increasing cycle number. This gain in reactivity can be linked to the activation of ilmenite, as was observed by Adánez et al. [15] . The gain in reactivity with hydrogen is more pronounced after 34 cycles but for CO the reactivity increment is halted after initial cycles. A similar CO conversion change with Ȧ as shown in figure 2 is also reported by Azis et al. [16] with a Norwegian ilmenite. However H 2 conversion with Ȧ as reported by Azis et al. is better, i.e. even at Ȧ of 0.96 H 2 conversion was higher than 90%. Whereby the experiments from [16] were carried out at 950°C. As a result of these experiments it is clear to see, that the conversion of fuel decreases with decreasing Ȧ. Therefore, in order to obtain high fuel conversion in a continuously operating DFB, a high circulation rate of the solids is required so that only a fraction of the entire available oxygen is consumed in the fuel reactor. The less oxygen is used, the higher the conversion of the fuel. As seen in figure 2 , a complete reduction of ilmenite is not achieved; therefore the observed oxygen capacity R is introduced, which is defined as per equation (6). This is a modified definition compared to definition of theoretical oxygen transport capacity (R 0 ) [14] . R can be related with Ȧ as per equation (7) ௫ ௫ (6)
According to Adánez [15] , ilmenite corresponds to FeTiO 3 in its reduced state and to Fe 2 TiO 5 in its most oxidized state. As a result, its theoretical oxygen transport capacity (R 0 ) of ilmenite from table 1 is 4.9 wt.-%. In figure 2 the observed oxygen capacity exceeds 5% in most of the cycles. As reported by Paul den Hoed et al. [18] there is the possibility to fully reduce ilmenite from FeTiO 3 to metallic iron Fe. Therefore, the fraction of oxygen R > 5% probably belongs to a reduced form of ilmenite below the state of FeTiO 3 .
Steam gasification of coal using ilmenite as bed material
In semi batch experiments coal is dosed continuously into a batch of fully oxidized ilmenite. The coal used in these experiments was bituminous coal from Göttelborn, Germany and its analysis is shown in table 2. As explained in the experimental procedure, once the coal dosing started exit gas concentrations and exit gas flow rate are recorded. The solid carbon conversion to gas (X carb ) is calculated using the following equations (8)- (10):
Where is the mass flow rate of coal in kg/h, x c is the mass fraction of carbon in the coal given in table 2. y i is the volumetric fraction of the gas component i measured by gas analyzer, ௨௧ is the exit molar flow rate in (kmol/h) of the gasifier measured by a gas flow meter and M c is the molecular weight of carbon.
The figure 3 shows the variation of gas concentration and X carb in a typical semi batch experiment over time. At time zero, coal dosing starts in a fully oxidized bed of ilmenite. The coal dosing is maintained at 1 kg/h and the bed temperature at 900 °C. The bed is already fluidized with steam and nitrogen therefore gasification reaction starts immediately. As observed in figure 3 the exit gas concentrations and coal conversion rates are constantly changing for this experimental Figure 3 -Steam gasification using ilmenite as bed material. T bed 900 °C, coal dosing rate 1kg/h. Variation of gas concentrations and X carb over time.
set up. This is clearly due to the fact that ilmenite is getting reduced by the coal and gasification product gas. As discussed in section 3.1, the partially reduced ilmenite a has lower reactivity compared with fully oxidized ilmenite. Therefore as ilmenite continues to get reduced, the concentrations of product gas components keep changing. The initial CO and H 2 concentrations are low because oxidized ilmenite converts them to CO 2 and H 2 O respectively. Therefore CO 2 concentration is highest initially and drops gradually as CO concentration increases. Initially the X carb is also high because of the fact that H 2 and CO are in low concentrations and these components are known to inhibit the gasification rate [17] . This initial phase of circa 15 minutes in this case is considered as phase 1, i.e. active oxygen carrier phase. The phase 2 is considered from 15 minute till the stopping of coal dosing of inactive oxygen carrier phase.
In phase 2 concentrations of unburnt fraction is more and Xcarb is much lower. Therefore the oxidation level of ilmenite clearly affects the X carb . Once the coal dosing is stopped, the gases associated with volatiles cease and result in a decrease of product gases. The CH 4 , the product gas most associated with volatiles therefore drops to a very low value. This latter phase after the stoppage of coal dosing is the gasification of remaining char. The X carb in this phase is not calculated because = 0 kg/h. The average X carb of entire dosing phase is only 33 %. Therefore 67% of carbon still remains in the bed.
Effect of bed temperature on gasification
An important observation in figure 3 about X carb is that, its maximum value is 50% in the beginning when the ilmenite is fully oxidized and an average of 33 % over the entire dosing period. Compared to traditional boilers, the carbon burnout is extremely poor. The bed temperature is the most influential parameter in steam gasification [17] . To analyze the effect of temperature, similar semi batch experiments as described in previous section were performed with bed temperatures of 900, 930 and 950 °C. To compare the results with each other, the concentrations and X carb from phase 1 (the active CLC period) is averaged. Figure 4 shows the variation of product gas concentrations and X carb for 3 temperatures: 900, 930 and 950 °C. The gas concentrations are presented on a nitrogen-free basis in order to allow direct comparison (nitrogen gas was a purge gas for fuel dosing and changed over time). The X carb rates are very low at 900 °C (ca. 42%), but increase significantly with an increase in temperature. At 950°C, the averaged carbon conversion rate is 65%. The CO 2 fraction at 900 °C was 70 vol.-% (i.e. 30 vol% gases still contain un-burnt fraction), and ca 90 vol-% at 950°C. The H 2 forms the largest fraction of unburnt fuel gases followed by CO and CH 4 . The increase in temperature increases fraction of CO 2 and simultaneously reduces fractions of H 2 , CO and CH 4 . This is expected as the rate of fuel oxidation increases with temperature. The X carb though improves till 65%, is still far away from complete conversion i.e. close to 100%. Berguerand [17] has also reported similar values in the range of 50-70%. Higher temperature could not be tested due to facility limitations. But the trend in figure 4 indicates that significantly higher temperatures are required if X carb is to reach near 100%.
Rate of carbon conversion to gas
The rate of carbon conversion to gas was calculated using a batch mode experiment setup. A batch of 40 g coal was inserted at the bottom of ilmenite bed with the help of screw conveyer in 30 seconds. The ilmenite bed is fully oxidized before the feeding. The bed mass was constant at 5.5 kg and was fluidized with steam. Coal is gasified till the gas analyzer detected no further carbon products (i.e. CO, CO 2 and CH 4 ) Coal conversion rates R inst are calculated using the following set of equations (11)- (14) .
Where is the mass of coal fed to gasifier in kg. x c is the mass fraction of carbon in the coal given in table 2. The volumetric fraction of the gas component i, y i , is measured by gas analyzer, ௨௧ is moles of gas in kmol leaving the gasifier, and M c is the molecular weight of carbon. Thus, the mass of carbon m(t) c present in the gasifier at time t is calculated using equation (12), the R inst (t) is the instantaneous rate at time t and calculated using equation (11) . Figure 5 shows the instantaneous rates of carbon conversion R inst against total carbon conversion. It is observed clearly that R inst increases with temperature. Initial increase in the rate is attributed to release of volatiles. i.e. up to 25% carbon conversion. Later the rate of conversion slowly increases may be due to decrease in particle size of coal in the ilmenite bed as the gasification progresses. After around 75% carbon conversion, the rate reaches maximum however remaining 20-25% conversion is very slow process. An overall carbon conversion of ca. 85% is observed, indicated a loss of carbon from the system. A fraction of very fine unconverted coal was found in the cyclone which is elutriated out of ilmenite bed. There is also a loss of carbon in the form of hydrocarbons which could not be measured by the gas analyzer. The main conclusion from this figure is the significant increase in the rate carbon conversion with increasing temperature. Similar rates were reported by Berguerand [17] for petroleum coke as average rate of 17.4 wt%/min at 950°C. Berguerand further tested temperatures up to 1030 °C and observed average conversion rates of up to 40 wt%/min. Thus higher temperature should be selected for coal CLC with ilmenite in order to achieve higher coal conversion and a smaller volume of gasifier bed.
Continuous experiments in dual fluidized bed
As discussed in section 2.1.3 the continuous experiments were performed with the CFB as the AR and the BFB as the FR.
Experiments were conducted to demonstrate the CLC process in a realistic DFB system. It was found that ilmenite fluidizes very easily therefore smooth hydrodynamic operation is possible and the ilmenite flows through cone valve without problems and the circulation rate between the air and fuel reactor is well controlled. The process steady state is assumed when outlet concentrations of CO, H 2 , CO 2 of FR and outlet O 2 concentration of AR are steady. Figure 6 shows such a steady state. The temperature in the FR is 900°C and the inlet concentrations of CO, H 2 , N 2 are 8, 8, and 84 vol.-% respectively and total thermal input is 1.3 kW. As observed, the outlet concentrations of CO, H 2 and CO 2 in the FR are very constant over the time. The CO conversion calculated by equation (1) for this steady state is 91%. The H 2 conversion is slightly less i.e. 89%.
Conclusions
The investigation of ilmenite as an oxygen carrier was performed on 10 kW th DFB facility using batch, semi batch and continuous mode experiments. Steam gasification of coal in an ilmenite bed was studied. The conversion of syngas with ilmenite is best when ilmenite is fully oxidized; reactivity reduces as ilmenite is reduced. The reactivity of ilmenite with syngas increases with redox cycle number over the first cycles and close to 100% syngas conversion was measured. The carbon conversion was low at 900 °C but improved with increasing temperature. Likewise, the rate of gasification increased with increasing temperature approximately doubling when increasing the temperature from 900 to 950°C. An equalmolar CO-H 2 syngas was combusted at 900°C in IFK's CLC dual fluidized bed system using ilmenite as the oxygen carrier resulting in a steady-state conversion of circa 90%. 
